Abstract
system allows neuronal responses to common insect repellents to be directly visualized 23 in living mosquitoes from all olfactory organs including the antenna. The synthetic 24 repellents DEET and IR3535 did not activate Odorant Receptor Co-Receptor (Orco) 25 expressing olfactory receptor neurons (ORNs) at any concentration, while picaridin 26 weakly activated ORNs only at high concentrations. In contrast, natural repellents (i.e. 27 lemongrass oil and eugenol) strongly activated small numbers of ORNs in the mosquito 28 antennae at low concentrations. We determined that DEET, IR3535, and picaridin 29 decrease the response of Orco expressing ORNs when these repellents are physically 30 mixed with activating human-derived odorants. We present evidence that synthetic 31 repellents may primarily exert their olfactory mode of action by decreasing the amount 32 of activating ligand reaching ORNs. These results suggest that synthetic repellents 33 Introduction 8 with DEET, IR3535, or picaridin 14, 15 . We therefore asked if mixing these three repellents 142 individually with known mosquito OR ligands would alter the An. coluzzii ORN 143 responses. We found that mixing DEET, IR3535, or picaridin with these activating 144 ligands decreased or "masked" the olfactory neuronal response (Fig. 3 , Supplemental 145 Fig. 3a,c,d ). In these experiments, each mosquito antenna was tested sequentially with 146 several odorants (OR ligands alone, and mixtures of OR ligands with repellents). These 147 repeated measurements might be correlated within the same animal and were not 148 treated as independent. In addition, there could be an order effect whereby early 149 measurements might affect subsequent measurements. Therefore, we randomized the 150 order of odorants tested, and paired each OR ligands with its respective mixture; e.g. 151
OR ligand X was always paired with (precedes or follows) the mixture of OR ligand X + 152
repellent. In addition, we used Linear Mixed Effects regression to account for correlation 153 due to repeated measurements and non-constant residual variation. We found that the 154 masking effect is concentration dependent, where 10% of each repellent showed a 155 significantly stronger masking effect than 1% ( Fig. 3b- 
d, Statistics shown in 156
Supplemental Fig. 3c ). Additionally, DEET at 30% masked the response to OR ligands 157 significantly more than 10% (Fig. 3b, Supplemental Fig. 3c ). However, there were no 158 differences between the effects of 30% and 10% for both IR3535 and picaridin ( Fig.  159 3c,d, Supplemental Fig. 3c ). In addition, there were no differences between the effects 160 of the three repellents when used at the same concentration, except at 10% of DEET 161 and IR3535; DEET showed a significantly weaker masking effect than IR3535 at 10% 162 (Supplemental Fig. 3d ). Together, these data indicate that synthetic repellents mask the 163 olfactory responses of OR ligands in a dose-dependent manner. Calcium imaging is a powerful approach to simultaneously visualize the odor-278 induced activity of many olfactory neurons, but it does have technical limitations. For 279 example, calcium imaging studies may not be able to detect olfactory neurons only 280 weakly activated by DEET or other repellents; however, in the current study, even 100% 281 DEET (a concentration 3-fold higher than commonly effective) failed to activate olfactory 282 neurons, suggesting that any neurons missed by our study would likely express only low 283 affinity DEET-receptors. Calcium imaging may also poorly detect neuronal inhibition 284 (potentially visualized as a decrease in basal GCaMP6f fluorescence); nonetheless, the 285 effects of neuronal inhibition on odor-induced activities would have been easily 286 detectable (Fig. 4) , and their absence suggests any direct inhibitory effect is negligible. hatching, mosquito larvae were fed on fish food (TetraMin®), added every day. Cotton 332 rolls soaked with sugar solution (10 %, w/vol) were provided to feed adult mosquitoes 333 as a source of carbohydrates. Mosquito females were blood fed on mice for egg laying. 334
The blood feeding protocol was approved by the Johns Hopkins University Animal Care 335 and Use Committee. For calcium imaging, only non blood-fed females (3-10 day old) 336 were used. 337
338

Generation of transgenic QUAS-GCaMP6f mosquitoes 339
Cloning of pXL-BACII-ECFP-15xQUAS-TATA-Gcamp6f-SV40. The GCamp6f-SV40-340 terminator sequence was PCR amplified from genomic DNA of transgenic Drosophila 341 carrying a QUAS-GCamp6f transgene (gift from Ya-Hui Chou, unpublished) with 342 primers pBac-TATA-GCamp-SV40-Inf-FOR (5'-gcg gcc gcg gct cga gat ggg ttc tca tca 343 tca tca tc-3') and pBac-TATA-GCamp-SV40-Inf-REV (5'-ttc aca aag atc gac gtc taa gat 344 aca ttg atg agt ttg gac aaa c-3'). 
Mosquito preparation 355
3-10 day old female mosquitoes were immobilized on ice for 1 min. A mosquito was 356 then carefully inserted into a pipette tip. The mosquito was pushed so only the antennae 357 extended outside the pipette tip. The pipette tip was then attached to a glass slide using 358 modeling clay. For imaging, an antenna was placed forward and flattened on a glass 359 cover slip using two pulled glass capillary tubes (Harvard Apparatus, 1 OD x 0.5 ID x 360 100 L mm). One tube was used to flatten the 3rd-4th antennal segment, and the other to 361 flatten the 12 th -13th segment (the most distal segments). Preliminary recordings were 362 performed to visualize responses from the whole antenna. Olfactory responses were 363 similar in each segment but could vary in the number of responding neurons. To 364 achieve higher resolution imaging for analyses, all subsequent recordings were done at 365 one antennal segment (11 th antennal segment). Based on pilot experiments examining 366 multiple segments, the responses in one segment (11 th segment) were representative of 367 responses in all segments. 368
Odorants 369
DEET, p-cresol, and 2-acetylthiophene were purchased from Sigma-Aldrich. Eugenol,were diluted to 1% in paraffin oil. 375
Odorant delivery 376
For testing neural responses towards OR ligands and repellents, 20 µl of the solution 377 was pipetted onto a piece of filter paper (1X2 cm) placed in a Pasteur pipette. For 378 mixtures, 10 µl of an OR ligand was pipetted along with 10 µl of repellent on the same 379 filter paper. Each odorant was prepared at double the final concentration to reach the 380 desired final concentration when mixed. The Pasteur pipette was then inserted into a 381 hole in a plastic pipette (Denville Scientific Inc, 10ml pipette) that carried a purified 382 continuous air stream (8.3 ml/s) directed at the antenna. A stimulus controller (Syntech) 383 was used to divert a 1 s pulse of charcoal-filtered air (5 ml/s) into the Pasteur pipette 384 starting 10 seconds after the beginning of each recording. Each animal was tested with 385 6 odorant pairs (6 OR ligands and their respective mixtures). Four animals out of a total 386 of 45 animals stopped responding before testing all odorants, and the remaining 387 odorant pairs were tested in new animals. The sequence of odorants was randomized, 388 and recordings from a mosquito were discarded if a response to a positive control 389 odorant (usually 1-octen-3-ol) was absent. New Pasteur pipettes were prepared for 390 each recording day. 391
Modified odorant delivery 392
To test whether masking occurs at the receptor or the chemical level, the odorant 393 delivery described above was modified by three different methods:
either 2% 1-octen-3-ol or 60% repellent to reach a final concentration of 1 and 398 30%, respectively. The two Pasteur pipettes were inserted into two holes in the 399 plastic pipette that carried a purified continuous air stream directed at the 400 antenna. One branch of a polyethylene Y-tube was used to deliver a 3 s pulse of 401 charcoal-filtered air into the Pasteur pipette that contains the repellent. At the third 402 second, the other branch of the Y-tube was attached to the 1-octen-3-ol Pasteur 403 pipette to deliver 1 s pulse of1-octen-3-ol. For comparison, a mixture of the 404 repellent and 1-octen-3-ol was also tested with each animal as previously 405
described. Each animal was tested with 7 odorant conditions. 406 2-Simultaneous odorant delivery: an OR ligand (1-octen-3-ol) and a repellent (or 407 paraffin oil for control) were prepared in two separate Pasteur pipettes as 408 previously described. The two Pasteur pipettes were inserted into two holes in the 409 plastic pipette that carried a purified continuous air stream directed at the 410 antenna. A 1 s pulse of charcoal-filtered air (5 ml/s) was diverted into the two 411
Pasteur pipettes using a polyethylene Y-tube in order to deliver the two odorants 412 at the same time into the continuous air stream. Afterwards, the two Pasteur 413 pipettes were switched between the two holes in the long plastic pipette to rule out 414 any position bias. For comparison, a mixture of the repellent and 1-octen-3-ol was 415 also tested with each animal as previously described. Each animal was tested 416 with 11 odorant conditions.therefore the odorants were never physically mixed. To deliver the odorants, a 1 s 421 pulse of charcoal-filtered air was diverted into the Pasteur pipette. Afterwards, we 422 used another Pasteur pipette, in which the position of the repellent and 1-octen-3-423 ol was swapped, to rule out any position bias. For comparison, a mixture of the 424 repellent and 1-octen-3-ol was also tested with each animal as previously 425
described. Each animal was tested with 11 odorant conditions. 426
Imaging system 427
Antennae were imaged through a 10x (Zeiss EC Epiplan-Neofluar 10x/0.25) and a 50x 428 
Analysis of Calcium imaging recordings 435
To make the heatmap Δ F images, a custom-built macro in Fiji was used. This Macro 436 uses the "Image stabilizer" plug-in to correct for movements in the recording, followed 437 by the "Z project" function to calculate the mean baseline fluorescence (mean intensity 438 in the first 9 seconds of recording, before stimulus delivery). Then, the "Image Linear Mixed Effects (LME) regression was used to model the average value of 451 the outcome under an experimental condition, accounting for both correlation due to 452 repeated measurements and non-constant residual variation. In all experiments, fixed 453 effects were used to model the average value of the outcome at each experimental 454 condition, and a linear term was used to model the average change in the outcome over 455 repeated measurements. Within-subject correlation was accounted for using random 456 intercepts, and heteroskedasticity was accounted for by modeling the residual variance. 457
For odorant delivery and pre-stimulation experiments, the residual variance was 458 modeled as a power of the fitted values. In the simultaneous odorant delivery 459 experiments, the outcome was log transformed and a separate residual variance termligands. In the same pipette delivery experiment, the outcome was log transformed and 462 the residual variance was modeled as an exponential function of fitted values. 463
Model assumptions, such as linearity of relationships, normally distributed scaled 464 residuals, and normally distributed random effects, were assessed using residual 465 diagnostic plots. Confidence intervals and p-values provided use the Wald 466 approximation. No multiple comparisons corrections were performed. All analyses were 467 performed using R version 3.5.1 35 using the nlme package version 3.1-137
36
. 468
Photoionization detector 469
The MiniRAE 3000 photoionization detector (Honeywell RAE Systems) was used to 470 calculate concentrations of odorants delivered to the mosquito antenna in different 471 experiments. The photoionization detector was calibrated to a reference gas (ethyl 472 acetate) and was attached to the tip of the plastic pipette used to deliver odorants in 473 
Data Availability
568
The imaging files and datasets generated during and/or analysed during the current 569 study are available from the corresponding author on reasonable request. data for the responses towards a 1 s pulse of 1% 1-octen-3-ol occurring during the last
